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[57] ABSTRACT 
A television standards converter for converting an 
input digital video signal from one television standard 
to another, comprises a high-pass ?lter (36) for ?ltering 
the input video signal horizontally and vertically, a 
plurality of parallel processing channels comprising 
respective circuits (43 to 58) for determining pixel by 
pixel of the high-pass ?ltered video signal the correla 
tion magnitudes for a range of horizontal and vertical 
pixel offsets, respective low-pass ?lters (59) for ?ltering 
the resulting correlation magnitudes, subtracters (55 to 
58) for subtracting from each correlation magnitude in 
the range the correlation magnitude corresponding to 
zero pixel offset, a selector (62) for determining for each 
pixel of said video signal the motion vector correspond 
ing to the maximum correlation magnitude, and a tem‘ 
poral interpolator (FIG. 14) for deriving interpolated 
?elds or frames by combining sample values offset by 
the motion vectors. 

9 Claims, 15 Drawing Sheets 
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TELEVISION STANDARDS CONVERTERS FOR 
CONVERTING AN INPUT DIGITAL VIDEO 

SIGNAL FROM ONE TELEVISION STANDARD TO 
ANOTHER 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to television standards convert 

ers. 

2. Description of the Prior Art 
Television standards converters are well known de 

vices used to convert video signals from one television 
standard to another, for example, from a 625 lines per 
frame, 50 fields per second (625/50) standard to a 525 
lines per frame, 60 ?elds per second (525/60) standard. 
Video standards conversion cannot be achieved satis 
factorily merely by using simple linear interpolation 
techniques, because of the temporal and vertical alias 
which is present in a video signal. Thus, simple linear 
interpolation produces unwanted artefacts in the result 
ing picture, in particular, the pictures are blurred verti 
cally and judder temporally. 
To reduce these problems it has been proposed that 

video standards converters should use adaptive tech 
niques to switch the parameters of a linear interpolator 
in dependence on the degree of movement in the picture 
represented by the incoming video signal. 

‘Methods of Gradient Vector Compensated Image 
Processing’ by J H Wilkinson and G A Walker, Third 
Image Processing Conference, 1989, outlines investiga 
tions into techniques for creating accurate gradient 
vectors used as pointers for intra-?eld interpolation of 
2:1 interlaced scanning systems. 

Attention is also drawn to Sony Corporation’s Euro 
pean patent speci?cation EP-Al-O 393 906 which dis 
closes subject matter generally similar to that of the 
above-mentioned paper. The present invention is con 
cerned with the further problem of creating accurate 
motion vectors which can be used as pointers for inter 
?eld interpolation, thereby enabling a television stan 
dards converter to be developed. 

SUMMARY OF THE INVENTION 

One object of the present invention is to provide an 
improved television standards converter. 
Another object of the present invention is to provide 

a television standards converter in which motion vec 
tors are derived corresponding to maximum correlation 
magnitudes for a range of pixel offsets. 
Another object of the present invention is to provide 

a television standards converter in which motion vec 
tors are derived corresponding to maximum correlation 
magnitudes for a range of pixel offsets after subtracting 
from each correlation magnitude the magnitude corre 
sponding to zero pixel offset. 
According to the present invention there is provided 

a television standards converter for converting an input 
digital video signal from one television standard to 
another, the standards converter comprising: 

a high-pass ?lter for ?ltering said input video signal 
horizontally and vertically; 

a plurality of parallel processing channels comprising 
respective means for determining pixel by pixel of the 
high-pass ?ltered video signal the correlation magni 
tudes for a range of horizontal and vertical pixel offsets; 
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2 
respective low-pass ?lters for ?ltering the resulting 

said correlation magnitudes; 
means for subtracting from each said correlation 

magnitude in said range the said correlation magnitude 
corresponding to zero pixel offset; 
means for determining for each pixel of said video 

signal the motion vector corresponding to the maxi 
mum correlation magnitude; and 

a temporal interpolator for deriving interpolated 
?elds or frames by combining sample values offset by 
said motion vectors. 

Preferably, said input video signal is converted from 
an interlaced digital video signal to a progressive scan 
digital video signal before derivation of said motion 
vectors, and the television standards converter further 
comprises: 

a second high-pass ?lter for ?ltering said input inter 
laced video signal; 

a second plurality of parallel processing channels 
comprising respective means for determining pixel by 
pixel of the low-pass ?ltered interlaced video signal the 
correlation magnitudes for a range of pixel offsets; 

respective second low-pass ?lters for ?ltering the 
resulting said correlation magnitudes; 
means for determining for each pixel of said inter 

laced video signal the gradient vector corresponding to 
the maximum correlation magnitude; and 

a spatial interpolator for deriving interpolated frames 
of said progressive scan video signal by combining sam 
ple values offset by said gradient vectors. 
The above, and other objects, features and advan 

tages of this invention will be apparent from the follow 
ing detailed description of illustrative embodiments 
which is to be read in connection with the accompany 
ing drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a simpli?ed block diagram of an embodi 
ment of motion compensated television standards con 
verter according to the present invention; 
FIG. 2 (made up of FIGS. 20 and 2b drawn on sepa 

rate sheets) shows part of a ?eld to frame converter of 
FIG. 1 in more detailed block diagrammatic form; 
FIG. 3 (made up of FIGS. 30 and 3b drawn on sepa 

rate sheets) shows part of a motion vector detector of 
FIG. 1 in more detailed block diagrammatic form; 
FIGS. 4 to 11 are diagrams used to explain the deriva 

tion of gradient vectors and motion vectors, and are 
generally applicable to both. In more detail: 
FIGS. 40 to 4c show the spectra of source images 

with rotating spatial angles; 
FIG. 5 shows the effect of pixel shifting on given 

source frequencies; 
FIG. 6 shows frequency characteristics of a basic 

product vector detector; 
FIGS. 7a and 7b show separated contributions of sum 

and difference components of product vector detection; 
FIG. 8 shows frequency characteristics of a modi?ed 

product vector detector; 
FIG. 9 shows pairs of positive and negative vector 

detector outputs with near 71' phase error between 
sources; 
FIGS. 10a to 100 show outputs from simulation soft 

ware for a zone plate input, FIG. 10a showing input 
source signals, FIG. 10b showing correlation pro?les at 
points along the source signals, and FIG. 10c showing 
detected vector offset with output signal and error; 
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FIGS. 11:: to 110 show outputs from simulation soft 
ware for a test pattern input, FIG. 11a showing input 
source signals, FIG. 11b showing correlation pro?les 
for selected samples, and FIG. 11c showing selected 
vector offset, reconstructed signal and error; 
FIG. 12 is a block diagram of a gradient vector as 

sisted interpolator; 
FIGS. 13a and 13b respectively show motion interpo 

lation across ?elds and spatial interpolation across lines; 
and 
FIG. 14 is a block diagram of a motion vector assisted 

interpolator. ' 

DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

The embodiment of television standards converter to 
be described spatially interpolates the ?elds of an input 
interlace scanned digital video signal to form a progres 
sive scan digital video signal, and then spatially and 
temporally interpolates the progressive scan video sig 
nal to form the required ?elds of the output, standards 
converted, interlace scanned digital video signal. Each 
of these stages of interpolation is vector assisted. 
Throughout this speci?cation the vectors used in the 

?rst stage interpolation, that is the spatial or two-dimen 
sional stage, are referred to as gradient vectors, and the 
vectors used in the second stage interpolation, that is 
the spatial and temporal or three-dimensional stage, are 
referred to as motion vectors. 
Thus as shown in FIG. 1, the input video signal is 

supplied to a ?eld to frame converter 1 wherein the 
progressive scan video signal is derived using gradient 
vector assisted interpolation. The effect of the ?eld to 
frame conversion is to improve the resolution of the 
original image. An input sync signal derived from the 
input video signal is supplied to an input sync detector 
2, while a reference sync signal for the output video 
signal is supplied to an output sync detector 3. The 
outputs of the sync detectors 2 and 3 are compared in a 
sync phase offset detector 4, the output of which is 
supplied to a horizontal (H) and vertical (V) sub-pixel 
offset device 5, outputs from which are supplied to a 
?eld delay 6, to a motion vector detector 7, and to a 
vector offset device 8. The output of the ?eld delay 6 is 
supplied to the motion vector detector 7, and to the 
vector offset device 8 which supplies outputs to an 
adder 9, the output of which forms the required output 
video signal. The vector offset device 8 comprises ran~ 
dom access memory in which the required pixel points 
as determined by the motion vectors are accessed. 
The ?eld to frame converter 1, which will now be 

described in more detail with reference to FIG. 2, de 
rives gradient vectors for use in the spatial interpolation 
of the input interlace scanned video signal to form 
frames of a progressive scan video signal, that is a signal 
comprising frames at the ?eld rate, or in other words a 
signal comprising ?elds each with a complete comple 
ment of scan lines and not merely the odd or even scan 
lines. 
The input video signal is ?rst passed through a low 

pass ?lter 11, the purpose of which is to simplify the 
subsequent processing. A typical cut-off frequency for 
the low-pass ?lter 11 is 5 MHz, although it may be 
preferable in some embodiments to use a lower cut-off 
frequency such as 3 MHz. 
The video signal is next ?ltered by a high-pass ?lter 

12 which would typically be of the Hilbert type (de 
scribed in, for example, ‘Theory and Application of 
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4 
Digital Signal Processing’, L. Rabiner and B Gold, 
Prentice Hall, 1975, ISBN 0-13-914101-4). The high 
pass ?lter 12 of the Hilbert type has the effect of differ 
entiating the video signal, hence providing a clear dis 
tinction between positive and negative object edges. A 
typical cut-off frequency is 0.5 MI-Iz. 
The video signal is then subjected to a sub-pixel inter 

polation process in a half-pixel offset plus phase shift 
device 13. The object of this sub-pixel interpolation is to 
ensure that each gradient vector is aligned with the 
intended interpolation point. In the case of the present 
?eld-to-frame conversion, the interpolation is in the 
ratio 2:1, and simple half-pixel shifting is required only 
for the odd valued vectors. It is also possible to apply 
sub-pixel processing in each vector processing path 
after the correlation low-pass ?lter referred to below, 
where the signal bandwidth is very low and sub-pixel 
interpolation is very simple to implement. The output of 
the high-pass ?lter 12 is also supplied to a phase shift 
device 14. 
The phase shifts effected by the half-pixel offset plus 

phase shift device 13 and the phase shift device 14 are 
required for odd vector offsets. Thus to ensure that the 
vectors are correctly centred, the half-pixel offset of the 
half-pixel offset plus phase shift device 13 is required for 
the odd paths referred to below. More generally, differ 
ent phase shifts will be required if the interpolation is 
more complex than 2:1, for example, in the case of line 
rate converters, such as a 32:15 line rate converter. 
The resulting phase-shifted video signals are then 

supplied to a plurality of paths equal in number to the 
previously selected number of possible values of gradi 
ent vector, in the present case 24. (As will be seen be 
low, each of these paths may be viewed as a pair of 
paths.) The output of the half-pixel offset plus phase 
shift device 13 is supplied to the odd paths, that is the 
?rst to twenty-third paths, and the output of the phase 
shift device 14 is supplied to the even paths, that is the 
second to twenty-fourth paths. The output of the phase 
shift device 14 is also supplied to an additional path, 
designated the zero path. 
The zero path comprises delay device 15, which 

supplies outputs to a delay device 16 and to one input of 
a multiplier 17, to the other input of which is supplied 
the output of the delay device 16. The delay device 15 
effects a delay of T, which is a compensating delay to 
compensate for transmission delays elsewhere in the 
circuitry. The delay device 16 effects a delay of H, 
which is one horizontal scan line delay. The output of 
the multiplier 17 is a zero offset correlation product 
which is used in the other paths as will be described 
below. 
The ?rst to twenty-fourth paths are generally similar 

to one another, and the ?rst path will be described as an 
example. The path comprises four series-connected 
delay devices 18, 19, 20 and 21. The outputs of the delay 
devices 18 and 21 are supplied to respective inputs of a 
multiplier 22. The outputs of the delay devices 19 and 
20 are supplied to respective inputs of a multiplier 23. 
The delay devices 18 to 21 effect delays of T- 8/2, S, 

11-5, and S respectively, where S is a one sample (that is, 
one pixel), delay. 
The output of the multiplier 22 is supplied to the 

positive input of a subtracter 24, while the output of the 
multiplier 23 is supplied to the positive input of a sub 
tracter 25. To the negative inputs of the subtracters 24 
and 25 are supplied the zero offset correlation product 
referred to above. The purpose of the subtraction step is 
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to reduce some of the undesirable correlation products, 
and the inclusion of this step is preferable, but not essen 
tial. 
The outputs of the subtracters 24 and 25 are supplied 

to respective identical paths each comprising a series 
connected low-pass ?nite impulse response ?lter 26, 
multiplier 27 and subtracter 28. The low-pass ?lter 26 
has a cut-off frequency of approximately 1 MHz. The 
design of the low-pass ?lter 26 must ensure minimum 
over-shoots in the time domain in order to prevent 
spurious gradient vector selection. The low-pass ?lter 
26 will therefore be characterized by a gentle roll-off 
characteristic. 
The ?ltered signals may, at this point, be sub-sampled 

for the purpose of reducing hardware requirements. 
Sub-sampling is permissible because the signals have a 
relatively low bandwidth. 
The signal is now subjected to scaling and weighting 

in dependence on the gradient vector magnitude. Scal 
ing involves multiplication in the multiplier 27 by a 
factor of less than unity, which reduces the magnitude 
of the associated gradient vector signal. Weighting is a 
process in which a value, proportional to the gradient 
vector magnitude, is subtracted in the subtracter 28 
from the magnitude of the associated gradient vector 
signal. Both scaling and weighting have the effect of 
reducing the chance of large gradient vectors being 
selected. Both processes may be achieved using a look 
up table stored in a programmable read-only memory 
(PROM), the required characteristics being determined, 
for each vector path, by the appropriate scaling and 
weighting factors. 
The elements 15 to 20 are as indicated duplicated in 

each of the second to twenty-fourth paths, with the 
difference that in these paths the delays effected by the 
delay devices 18 to 21 are, for the nth path, where n is 
in the range 2 to 24, T-nS/Z, nS, l-I-nS, and n8, re 
spectively, as indicated in FIG. 2. 
The ?nal stage of the gradient vector detection is the 

selection of the optimum gradient vector. This is 
achieved, in principle, by the use of a magnitude detec 
tor forming a vector selector 29, the purpose of which 
is to locate the path with the largest magnitude. How 
ever, due to the fact that the video signal is sampled and 
the correlation process is not continuous, a search algo 
rithm is applied as described in more detail below. The 
result is a gradient vector which allows improved verti 
cal interpolation for the required scan line rate conver 
sion. 

The method of achieving the actual scan line rate 
conversion in the ?eld to frame converter 1 (FIG. 1) is 
referred to in more detail below, it probably being more 
convenient ?rst to turn to a more detailed description of 
the motion vector detector 7 (FIG. 1) because of the 
similarity to the corresponding parts of the ?eld to 
frame converter 1 (FIG. 1) just described. 

Referring now to FIG. 3, this shows the motion vec 
tor detector 7 (FIG. 1) in more detail. What in effect is 
being done here is to extend the above-described two 
dimensional process to a three-dimensional process. 
The ?eld to frame converter 1 (FIG. 1) operates to 

produce two full resolution frames separated by a ?eld 
sample period, that is 20 msec in the case of a 625/50 
input video signal, the necessary interpolation using the 
gradient vectors derived as described with reference to 
FIG. 2. Each of these pictures is assumed to have been 
sampled within the Nyquist limit both along the hori 
zontal scan and the vertical scan direction. This assump 
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6 
tion allows standard linear interpolation techniques to 
be used in the next stage spatial and temporal interpola 
tion to obtain sub-pixel points in both the horizontal and 
vertical directions. 
The actual motion vector detector used is basically 

the same as the gradient vector detector described 
above with reference to FIG. 2. There are two possible 
?lter sets for this motion vector detector. The simpler 
one uses simple horizontal ?lters throughout, the more 
complex one uses spatial ?lters which are two-dimen 
sional and hence considerably more complex. In both 
cases, the motion vector magnitude range is assumed to 
be over a spatial area of plus or minus 24 horizontal 
pixels and plus or minus 16 vertical pixels. This results 
in a total number of parallel processing paths of 49 X 33, 
that is 1617. Because of the number of parallel process 
ing paths, the ?eld delay required prior to the correla 
tion process is brought outside the parallel paths into 
the front end of the motion vector detection process to 
save hardware. 
As shown in FIG. 3, the input video signal is ?rst 

passed through a low-pass ?lter 35, the purpose of 
which is to simplify the subsequent processing. A typi 
cal cut-off frequency for the low-pass ?lter 35 is 5 MHz 
(horizontal cut-off), although it may be preferred in 
some embodiments to use a lower cut-off frequency, 
such as 3 MHz. A ?lter with both horizontal and verti 
cal cut-off frequencies may also be used. 
The video signal is next ?ltered by a high-pass ?lter 

36 which will typically be of the Hilbert type referred 
to above. Thus, as mentioned above, a ?lter of the Hil 
bert type has the effect of differentiating the signal, 
hence providing a clear distinction between positive 
and negative object edges. A typical cut-off frequency 
is 0.5 MHz. If a two-dimensional high-pass ?lter is to be 
used, then a normal ?nite impulse response high-pass 
?lter must be used, since a Hilbert type ?lter cannot be 
con?gured in more than one dimension. A ?eld store 37 
for the ?eld delay referred to above is then provided to 
allow acces to two adjacent pictures for vector estima 
tion. The ?eld store 37 in fact holds two normal ?elds of 
pixels, due to the ?eld to frame conversion process. 
Thus, at the output of the ?eld store 37 there are two 
video paths, and the video signal in each of these paths 
is passed to a sub-pixel interpolation process which is 
effected in a sub-pixel sub-line delay device 38 or 39, 
respectively. The respective outputs are referred to as 
the ?eld A video signal and the ?eld B video signal. 
This process is essentially two-dimensional and the 
sub-pixel shift may be in either or both the horizontal 
and vertical directions. The object of sub-pixel interpo 
lation is to ensure that each motion vector is aligned 
with the intended interpolation point. 
The video signal is now split into a plurality of paths 

equal in number to the number of possible values of the 
motion vectors, 1617 in the present example. (As will be 
seen below, each of these paths may be viewed as a 
group of four paths.) For each path the video signal is 
subjected to horizontal and vertical delay processes in 
order correctly to align two signals for the correlation 
process, and to ensure that the output correlation values 
are correctly aligned with each other. 
Each of the ?eld A and ?eld B video signals is sup 

plied to each of these paths, which are designated the 
?rst to nth paths, and each of the ?eld A and ?eld B 
video signals is also supplied to an additional path, des 
ignated the zero path. 
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The zero path comprise a delay device 40 supplied 
with the ?eld A video signal, and a delay device 41 
supplied with the ?eld B video signal. The delay de 
vices 40 and 41 each effect a delay of T, which is a 
compensating delay to compensate for transmission 
delays elsewhere in the circuitry. The outputs of the 
delay devices 40 and 41 are supplied to respective inputs 
of a multiplier 42, the output of which is a zero motion 
vector value which is used in the other paths as will be 
described below. 
The ?rst to nth paths are generally similar to one 

another, and the ?rst path will be described as an exam 
ple. In the ?rst path the ?eld A video signal is supplied 
to two series-connected delay devices 43 and 44. The 
output of the delay device 43 is connected to two series 
connected delay devices 45 and 46. The ?eld B video 
signal is supplied to two series-connected delay devices 
47 and 48. The output of the delay device 47 is con 
nected to two series-connected delay devices 49 and 50. 
The delay devices 43 and 47 effect delays of 
T-V/Z — S/ 2, the delay devices 44, 46, 48 and 50 effect 
delays of S, and the delay devices 45 and 49 effect de 
lays of V, where V is one ?eld delay and S is a one 
sample (that is, one pixel) delay. 
The outputs of the delay devices 43 and 50 are sup 

plied to respective inputs of a multiplier 51, the outputs 
of the delay devices 46 and 47 are supplied to respective 
inputs of a multiplier 52, the outputs of the delay de 
vices 44 and 49 are supplied to respective inputs of a 
multiplier 53, and the outputs of the delay devices 48 
and 45 are supplied to respective inputs of a multiplier 
54. The outputs of the multipliers 51 to 54 are supplied 
to the positive inputs of respective subtracters 55 to 58, 
to the negative inputs of each of which is supplied the 
zero motion vector value referred to above. The pur 
pose of this subtraction step is to reduce some of the 
undesirable correlation products, and the inclusion of 
this step is preferable, but not essential. 
The outputs of the subtracters 55 to 58 are supplied to 

respective identical paths each comprising a series-con 
nected low-pass ?nite impulse ?lter 59, multiplier 60 
and subtracter 61. The low-pass ?lters 59 have a cut-off 
frequency of approximately 1 MHz. A two-dimensional 
low-pass ?lter may also be used here if required. The 
design of this ?lter must again ensure minimum over 
shoots in the time domain in order to prevent spurious 
motion vector selection. The low-pass ?lters 59 will 
therefore be characterized by a gentle roll-off charac 
teristic. 

Cross correlation could involve simply multiplying 
two signals and, after low-pass ?ltering in the low-pass 
?lters 59, noting the ?lter ouput. Thus the multiplica 
tion step results in an output which contains both the 
sum and the difference of the two input frequencies, and 
the low-pass ?lters 59 remove the sumgfrequency com 
ponent. The step of subtracting the zero motion vector 
value in the subtracters 55 to 58 has the effect of elimi 
nating the sum frequency component altogether in 
many cases, and this simpli?es the design of the low 
pass ?lters 59. This is explained in more detail below. 
The ?ltered signals may, at this point be sub-sampled 

for the purpose of reducing the hardware requirements. 
Sub-sampling is permissible because the signals have a 
relatively low bandwidth. 
Each signal is now subjected to scaling and weighting 

in dependence on the motion vector magnitude. Scaling 
involves multiplication in the multiplier 60 by a factor 
less than unity which reduces the magnitude of the 
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associated motion vector signal, progressively to atten 
uate motion vectors of relatively large value. Weighting 
is a process in which a value, proportional to the motion 
vector magnitude, is subtracted in the subtracter 61 
from the magnitude of the associated motion vector 
signal. Both scaling and weighting have the effect of 
reducing the chance of large motion vectors being se 
lected. Both processes may be achieved using a look-up 
table stored in a,PROM, the required characteristics 
being determined, for each processing path, by the ap 
propriate scaling and weighting factors. 
The ?nal stage of the motion vector detection is the 

selection of the optimum motion vector. This is 
achieved, in principle, by the use of a magnitude detec 
tor forming a vector selecter 62, the purpose of which is 
to locate the path with the largest magnitude. Again, 
however, due to the fact that the video signal is sampled 
and the correlation process is not continuous, a search 
algorithm is applied as described in more detail below. 
The form and operation of the ?eld to frame con 

verter 1 (FIGS. 1 and 2) and of the motion vector detec 
tor 7 (FIGS. 1 and 3) will be better understood from the 
following description. 
One of the most difficult aspects of any form of vec 

tor estimation is avoiding selection of wrong values. 
There are many individual static and dynamic frequen 
cies where a wrong vector value may be selected (with 
obvious impairments of the ?nal image). The problem 
can be summarized as being easy to generate a ‘good‘ 
vector most of the time, but difficult to avoid ‘bad’ 
vectors all of the time. Unfortunately, selection of ‘bad’ 
vectors occasionally seems to draw the eye more than 
selection of ‘good’ vectors. 
There are two basic types of vector detector: square 

difference and product. Each have their derivatives. 
In the square difference case, samples are subtracted 

and the error is squared with the aim of detecting a 
minimum value. An alternative to this is the mean abso 
lute difference approach, in which the result is effec 
tively the square root of the square difference result. 

In the product case, which is used in embodiments of 
the present invention, samples are multiplied with the 
aim of detecting a peak or maximum value. This is es 
sentially the process of cross correlation. 
The standard theory of sampling in one, two and 

three dimensions is well documented. Less well under 
stood is the effect of sub-sampling one axis of a two-di 
mensional (or three-dimensional) image. Such sub-sam 
pling causes effects on all axes of the original image. 
Generally, alias effects can be avoided by correctly 
pre-?ltering the source prior to decimation thereby 
removing any potential alias frequencies. However, 
video signals are not really that simple, and it is only the 
application of interlace which misleads the eye for most 
pictures. In a slow-motion replay of an interlaced 
source, the temporal averaging effect of the eye is no 
longer effective, and many aliased frequency compo 
nents will become visible. FIGS. 40 to 4c illustrate this. 
In each ?gure the upper and lower horizontal lines 
represent the Nyquist limits. Each ?gure on the right 
represents the result of 2:1 vertical sub-sampling of the 
signal represented to the left. 
FIG. 4a shows the concept of a source picture with 

no vertical component (that is, all lines are the same). 
The spectral energy lies completely along the horizon 
tal axis and sub-sampling the vertical axis has no effect. 
FIG. 4b shows the same source picture, but with the 
energy rotated about the zero point. In this case, edge 












